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The parietal epithelial cell is crucially involved in human idio-
pathic focal segmental glomerulosclerosis.
Background. Focal segmental glomerulosclerosis (FSGS) is
one of the most common patterns of glomerular injury encoun-
tered in human renal biopsies. Epithelial hyperplasia, which
can be prominent in FSGS, has been attributed to dedifferen-
tiation and proliferation of podocytes. Based on observations
in a mouse model of FSGS, we pointed to the role of parietal
epithelial cells (PECs). In the present study we investigated the
relative role of PECs and podocytes in human idiopathic FSGS.
Methods. We performed a detailed study of lesions from
a patient with recurrent idiopathic FSGS by serial section-
ing, marker analysis and three-dimensional reconstruction of
glomeruli. We have studied the expression of markers for
podocytes, PECs, mesangial cells, endothelium, and myofibro-
blasts. We also looked at proliferation and composition of the
deposited extracellular matrix (ECM).
Results. We found that proliferating epithelial cells in FSGS
lesions are negative for podocyte and macrophage markers, but
stain for PEC markers. The composition of the matrix deposited
by these cells is identical to Bowman’s capsule.
Conclusion. Our study demonstrates that PECs are crucially
involved in the pathogenesis of FSGS lesions.
Focal segmental glomerulosclerosis (FSGS) has be-
come one of the most common glomerular diseases [1].
FSGS is characterized by focal and segmental occur-
rence of lesions with mesangial sclerosis, obliteration of
glomerular capillaries with hyalinosis and intracapillary
foam cells, formation of adhesions between the glomeru-
lar tuft and Bowman’s capsule, and podocyte hypertro-
phy [2]. FSGS is not a disease entity, but rather a pat-
tern of injury with quite diverse clinical behavior, mor-
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phology, and possibly also pathogenesis [3]. Recently,
various morphologic variants have been defined and a
classification has been proposed to better address the di-
versity of FSGS [4]. Five light microscopic variants of
FSGS were defined: (1) the perihilar variant (lesions pre-
dominantly located at the vascular pole), (2) the tip vari-
ant (the presence of lesions located at the urinary pole),
(3) the cellular variant (characterized by endocapillary
hypercellularity), (4) the collapsing variant (collapse of
the glomerular tuft associated with epithelial cell hy-
pertrophy and hyperplasia), and finally (5) FSGS not
otherwise specified if lesions do not fit into one of the
above mentioned categories. All morphologic variants
are accompanied by some degree of epithelial prolifera-
tion, being minimal or absent in the perihilar variant and
sometimes very prominent in the cellular and collapsing
variant.
The pathogenesis of FSGS has been the subject of re-
cent studies. Many investigators have focussed on the
visceral epithelial cell, the so-called podocyte. Normal
podocytes are considered terminally differentiated, post-
mitotic cells, which are unable to proliferate and to com-
pensate for damaged neighboring podocytes. Studies by
Kriz et al [5, 6] in various rat models of FSGS indicated
loss of podocytes and adherence of the parietal epithelial
cell (PEC) to the naked glomerular basement membrane
(GBM) as the critical event in the formation of FSGS
lesions. Studies on the pathogenesis of the more cellular
FSGS lesions have focused on the collapsing variant of
FSGS [7]. From these studies the concept of the dediffer-
entiated and dysregulated podocyte emerged [8–12]. Dys-
regulated podocytes are characterized by loss of podocyte
markers, and are no longer growth restricted and have re-
gained the ability to proliferate. Based on these findings
epithelial hyperplasia, which is also commonly observed
in “active” FSGS lesions other than collapsing lesions, is
generally considered to be the result of proliferation of
dedifferentiated podocytes. Recently, we have reported
on FSGS in Thy-1.1 transgenic mice (a model of collaps-
ing FSGS) and have provided evidence that proliferating
epithelial cells in lesions are of PEC origin and that these
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Table 1. Antibodies used for the detection of glomerular antigens
Antigen Primary antibody Dilution Supplier/reference
Podocyte components
Synaptopodin Mouse antisynaptopodin 1 Progen, Heidelberg, Germany
CD10 Mouse antihuman CD10 50 Monosan, Caltag Lab., Burlingame, CA
Vimentin Mouse antihuman vimentin 800 Biogenex, Ramon, CA
VEGF ISH mRNA Probe ang/mL 100a [18]
PEC components
PAX-2 Rabbit antihuman PAX-2 50 Zymed laboratories Inc., San Francisco, CA
Cytokeratin Mouse antihuman CAM 5.2 (CK8) 50 BD Biosciences, San Diego, CA
Pan-cadherin Mouse antihuman Pan-cadherin 500 Sigma Chemical Co., St. Louis, MO
Proliferation
KI 67 Mouse antihuman MIB-1 200 Dako, Glostrup, Denmark
Miscellaneous
Macrophage Mouse antihuman CD68 2000 Dako, Glostrup, Denmark
a-smooth muscle actin (a-SMA) Mouse antihuman SMA 15,000 Sigma Chemical Co., St. Louis, MO
Bowman’s capsule
Collagen IVa1 Mouse anti-a1 collagen 10 Wieslab, Lund, Sweden
Heparan sulfate single chain Single chain antibody HS4E4 1 [16]
Glomerular basement membrane
Collagen IVa3 Mouse anti-a3 collagen 10 Wieslab, Lund, Sweden
Heparan sulfate single chain Single chain antibody HS4C3 1 [17]
VEGF is vascular endothelial growth factor.
cells deposit the extracellular matrix (ECM) that eventu-
ally forms the scars [13].
We now investigated the role of PECs in human id-
iopathic FSGS by detailed analysis of FSGS lesions in a
nephrectomy specimen of a patient with recurrence of
idiopathic FSGS in his renal allograft.
METHODS
Patients
Our patient developed a steroid-resistant nephrotic
syndrome in 1994, at the age of 8 years. In 1995, bi-
lateral nephrectomy was performed because of untreat-
able nephrotic syndrome and deteriorating renal func-
tion. He was treated by peritoneal dialysis. In October
1996, the patient received a renal transplant. The postop-
erative course was characterized by an early recurrence
of proteinuria, which persisted despite plasma filtration.
Approximately 6 months after transplantation the allo-
graft was removed and peritoneal dialysis was resumed.
In August 2002, a second transplant was performed, with
a three-mismatched kidney from a cadaveric donor. In
view of the previous experience preemptive plasma filtra-
tion was performed. The initial immunosuppressive reg-
imen consisted of the anti-CD25 antibody daclizumab,
mycophenolate mofetil, prednisone, and cyclosporine.
The kidney functioned immediately, and serum creati-
nine decreased to values of 1.4 mg/dL. The patient was
treated with plasma filtration three times weekly, and only
mild proteinuria was noted (0.2 to 1.0 g/day). In October
2002, while reducing the number of plasmapheresis ses-
sions and lowering the immunosuppressive dose, protein-
uria gradually increased reaching values between 3 and
4 g/day in November 2002. Switching from cyclosporine
to tacrolimus was ineffective. A renal biopsy was per-
formed in December. With light microscopy, we found 13
glomeruli. One glomerulus showed advanced sclerosis,
the others had a normal aspect. Ultrastructural analysis
showed particular podocyte effacement and microvillous
transformation, compatible with a recurrence FSGS.
In view of the reported efficacy in a French study, the
patient was treated with added cyclophosphamide for 8
weeks and more intensive plasmapheresis [14]. There was
no major effect, although after ending this treatment a
definite increase of proteinuria was observed. Over the
next months, proteinuria remained severe, the patient
was frankly nephrotic and finally developed moderate
renal insufficiency, which did not respond to replacement
of tacrolimus by rapamycin. After lengthy discussions,
and in view of the clinical and psychologic condition of
the patient, it was decided to perform a nephrectomy,
and resume renal replacement therapy with hemodialy-
sis. Nephrectomy was performed October 2003, 1 year
after transplantation.
Preparation of the kidney specimen for light microscopy,
immunohistochemistry, and electron microscopy
The nephrectomized kidney measured 13 × 7 × 6
cm and weighed 290 g. The outer aspect of the kidney
was normal, the vessels contained no thrombi nor were
there any macroscopic abnormalities when dissecting the
kidney. Some pyramid-shaped segments were dissected
and separately fixed in Bouin’s solution, buffered for-
malin, and snap frozen in liquid nitrogen. For electron
microscopy, we divided the cortex in five equal parts.
Light microscopy. For light microscopy, kidney frag-
ments were fixed in Bouin’s solution and formaldehyde,
dehydrated, and embedded in paraplast (Amstelstad,
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Fig. 1. Glomerular histology. The morphology of the focal segmental
glomerulosclerosis (FSGS) lesions was highly variable, ranging from
segmental collapse of a few capillaries to advanced global sclerosis. (A)
An early lesion with segmental capillary collapse and epithelial hyper-
plasia (arrows). Some of the epithelial cells have prominent resorpsion
droplets. The upper part of the glomerulus appears unremarkable. (B
and C) Glomeruli show more extensive abnormalities with on top of col-
lapsed capillaries with epithelial hyperplasia more advanced (“typical”)
FSGS lesions (arrowheads) with sclerosis, adhesions, epithelial hyper-
plasia, and mild endocapillary hypercellularity with endocapillary foam
cells. (D) A hypocellular globally sclerotic glomerulus covered with a
single layer of epithelial cells, which do not appear, activated (×450).
Amsterdam The Netherlands). Two micrometer sections
were stained with periodic acid-Schiff (PAS), and with
silver methenamine [15].
Immunohistochemistry. Immunohistochemical stain-
ing was performed on kidney sections fixed in 4%
buffered formaldehyde for 24 hours and embedded
in paraffin. Four micrometer sections were incubated
with monoclonal antibodies and polyclonal antibod-
ies directed at various markers for podocytes, PECs,
macrophages, and myofibroblasts as detailed in Table
1. As secondary antibody we used PowerVision Poly-
HRP-anti-Mouse/Rabbit/Rat IgG (Immunologic; Klini-
path, Duiven, The Netherlands). Detection was carried
out with the use of peroxidase as label and diaminobenzi-
dine (DAB) as substrate. For the double staining, first the
polyclonal antibody was detected and completed. As de-
tecting antibody we used Envision AF-anti-Rabbit IgG
(Immunologic; Klinipath), detection was carried out with
the use of alkaline phosphatase as label and FastBlue as
substrate. Thereafter, samples were incubated with the
second antibody, as detecting antibody we used PowerVi-
sion Poly-HRP-anti-Mouse/Rabbit/Rat IgG (Immuno-
logic; Klinipath). Detection was carried out with the
use of peroxidase as label and 3-amino-9-ethylcarbazole
(AEC)/red as substrate.
PAS Synaptopodin CK8
Fig. 2. Phenotype of proliferating epithelial cells. (A) Serial sections
of a glomerulus with a collapsing lesion. The epithelial cells (∗) that
cover the collapsed segment are strongly CK8-positive. Also most of
the parietal epithelial cells (PECs) lining Bowman’s capsule are CK8-
positive. Some PECs are CK8-negative (arrowheads). Podocytes cover-
ing the collapsed segment stain positive for synaptopodin. (B and C) A
double staining for synaptopodin (red) and PAX-2 (blue). Sometimes
PAX-2–positive cells were located on top of synaptopodin expressing
podocytes (B), whereas in lesions with more sclerosis synaptopodin ex-
pression in affected segments was lost. Double positive cells were not
present. (D and E) A double staining for vascular endothelial growth
factor (VEGF) mRNA and CK8. Podocytes are VEGF-positive and
PECs and epithelial cells that are part of an FSGS lesion are CK8-
positive. Double positive cells were not present [(A) ×200, detail ×800;
(B and C) ×600; (D) ×400; and (E) ×600].
Immunofluorescence microscopy. Kidney fragments
were snap-frozen in liquid nitrogen, and 2 lm acetone-
fixed cryostat sections were used. Kidney sections were
incubated with antibodies directed against synaptopodin,
collagen IV chains, and heparan sulfate (HS) species (Ta-
ble 1). Detection of the anticollagen antibodies was done
using goat antimouse AlexaTM 488 antibodies (Molec-
ular Probes, Inc., Leiden, The Netherlands). We have
performed double staining for synaptopodin (a marker
of differentiated podocytes) and heparan sulfate species
with exclusive presence in either Bowman’s capsule or
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Fig. 3. Phenotype of epithelial cells in Bowman’s capsule in lesions
with sclerosis [“typical” focal segmental glomerulosclerosis (FSGS) le-
sions]. (A and B) Two sections through the same glomerulus. For each
plane of sectioning consecutive sections were stained for CK8, synap-
topodin, and PAX-2. Epithelial cells in Bowman’s capsule are positive
for CK8 and PAX-2, but negative for synaptopodin. In affected seg-
ments synaptopodin positivity is lost (×375).
the GBM. Synaptopodin was detected using an antisy-
naptopodin monoclonal antibody (Progen Biotechnik,
Heidelberg, Germany), followed by a fluorescein isothio-
cyanate (FITC)–labeled sheep antimouse IgG1 (Nordic
Immunologicals, Tilburg, The Netherlands). The single
chain antibodies used for staining of heparan sulfate
species [16, 17] were detected via a rabbit antibody di-
rected against the VSV-g epitope tag (ICL, Eugene, OR,
USA) and finally detected with a goat antirabbit AlexaTM
568 antibodies (Molecular Probes, Inc.). The sections
were examined with a confocal laser scanning micro-
scope (CLSM; Leica Lasertechnik GmbH, Heidelberg,
Germany).
Fig. 4. Parietal epithelial cells (PECs) “invade” the glomerular tuft.
Three-dimensional reconstruction of glomeruli demonstrated that
CK8-positive cells (red) are always in continuity with CK8-positive
cells lining Bowman’s capsule (green). The glomerular tuft is shown
in blue and was deleted from (B) to better visualize the deep penetra-
tion of CK8-positive cells. (B and C) The same glomerulus as (A) but
from a different angle. For clarity six of the sections used for the three-
dimensional reconstruction are also shown. CK8-positive cells, whether
positioned at the outer aspect of the collapsed segment or even within
the central areas, are always connected to the CK8-positive layer of
PECs lining Bowman’s capsule. The three-dimensional images can best
be appreciated in the Supplementary Material.
In situ hybridization. Kidney sections were fixed in
4% buffered formaldehyde for 24 hours and embedded
in paraffin. Four micrometer sections were incubated
and subjected to VEGF in situ hybridization using a
digoxigenin-labeled VEGF-A antisense RNA probe [18].
The corresponding sense probe was used as a control. This
in situ hybridization was followed by immunohistochem-
ical staining with the monoclonal antibody CK8. As sec-
ondary antibody we used PowerVision Poly-HRP-anti-
Mouse/Rabbit/Rat IgG (Immunologic; Klinipath). De-
tection was carried out with the use of alkaline fosfatase
(AF) as label and AEC as substrate.
Three-dimensional reconstruction of infiltrating PECs.
The nephrectomy specimen gave us the opportunity to
cut serial sections of a relatively large area segment
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Fig. 5. KI-67 staining. Most proliferating
cells are seen along Bowman’s capsule in seg-
mental lesions or elswhere in the glomerulus.
A minority of positive cells is located more
centrally in the glomerulus (×375).
Fig. 6. The extracellular matrix (ECM) de-
posited by proliferating epithelial cells has
the same staining characteristics as Bowman’s
capsule. Serial sections were stained with col-
lagen IVa1 (A and C) and collagen IVa3 (B).
Collagen IVa1 strongly stains Bowman’s cap-
sule, the newly deposited matrix forming the
adhesions (A and C, arrows) and the mesan-
gial matrix. There is weak glomerular base-
ment membrane (GBM) staining for collagen
IVa1 (A), collagen IVa3 (B) stains the GBM,
and not Bowman’s capsule. (D) Positive stain-
ing of an adhesion for the single chain anti-
body HS4E4 (arrowhead). In control kidney,
this antibody directed against a heparan sul-
fate species only stains Bowman’s capsule and
not the GBM [(A and B) ×450; (C and D)
×900].
(containing more then 250 glomeruli). At least 400 se-
rial sections were cut and incubated for CK8 as described
above.. In a selected set of sections covering 300 microns
we digitized 40 to 50 serial images of each glomerulus.
These section images visualized by DAB staining were
directly digitized from a light microscope into the KS400
Universal Image Processing and Analysis software via
a charged-coupling device (CCD) color camera; binary
images of the structures were created and the binary im-
ages were exported into three-dimensional reconstruc-
tion software “3D doctor” (Able Software Corporation,
Lexington, KY, USA) to reconstruct and to view still
and rotating three-dimensional images on a computer
monitor, enabling us to produce a three-dimensional
model of the glomerulus. Three-dimensional reconstruc-
tion was performed to reconstruct three-dimensional
models of 14 glomeruli showing early to more advanced
lesions.
Transmission electron microscopy. For electron mi-
croscopy, we used immersion fixation, small fragments
of cortex were fixed in 2.5% glutaraldehyde dissolved in
0.1 mol/L sodium cacodylate buffer, pH 7.4, overnight
at 4◦C and washed in the same buffer. The tissue frag-
ments were postfixed in palade-buffered 2% OsO4 for 1
hour, dehydrated, and embedded in Epon812, Luft’s pro-
cedure (Merck, Darmstadt, Germany). Ultrathin sections
were contrasted with 4% uranyl acetate for 45 minutes
and subsequently with red citrate for 5 minutes at room
temperature. Sections were examined in a Jeol 1200 EX2
electron microscope (Jeol, Tokyo, Japan).
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Fig. 7. Newly formed extracellular matrix (ECM) is deposited on top of the glomerular basement membrane (GBM) and sometimes on top of
synaptopodin expressing podocytes. Double staining for HS4E4 (red) and synaptopodin (green) is shown for a normal glomerulus (A), a segmental
lesion (B), and a glomerulus with advanced global sclerosis (C). In control glomeruli HS4E4 stains Bowman’s capsule and not the GBM. Adhesions
stain for HS4E4 and sometimes HS4E4-positive ECM is deposited on top of synaptopodin-positive podocytes (B, arrow). In glomeruli with advanced
sclerosis synaptopodin expression is lost (C, ∗). (D and E) Transmission electron micrographs show that in a segment with prominent sclerosis
podocytes are absent and newly formed ECM (E, ∗) is deposited on top of the GBM (E, arrowhead). Hyperplastic cells lining Bowman’s capsule
cover this matrix (D, ∗) [(A and C ×300; (B) ×700; (D) ×1200; and (E) ×7000].
Analysis of glomeruli in consecutive tissue sections
A pyramid-shaped segment in paraffin was cut and pro-
vided over 400 serial sections.
Examination of glomerular profile. Assessment of
glomeruli for FSGS lesions was performed using a stack
of 145 micron. Seven PAS-stained tissue sections equal
divided over this stack were completely scanned. Of
each glomerulus three to five PAS-stained cross-sections
were evaluated. In total, 137 whole glomeruli were eval-
uated. Images were acquired using an AxioCam MRc
(Carl Zeiss, Go¨ttingen, Germany) connected to an Ax-
ioPlan 2 Imaging microscope (Carl Zeiss). The micro-
scope was equipped with a computer controlled scanning
stage (eight specimen stage) (Ma¨rzha¨user GmbH, Wet-
zlar, Germany) controlled by a Ludl MAC5000 controller
(Ludl Electronic Products Ltd., Hawthorne, NY, USA).
Images were acquired using a 20× objective (Plan Apoc-
hromat) (NA = 0.6), resulting in a specimen level pixel
size of 53 × 53 lm2. Image acquisition was performed
using custom written macros in KS400 image analysis
software (version 3.0) (Carl Zeiss). For each tissue sec-
tion, a user-defined region of interest was automatically
scanned and consecutive individual microscopic fields
were stitched together into large 24-bit RGB TIFF im-
ages. Each individual microscopic field was autofocussed,
and grabbed images were shading corrected.
Pairs of images of consecutive tissue sections were
opened in Aperio ImageScope (version 4.14; Aperio
Technologies, Vista, CA, USA) and “synchronized” [i.e.,
both tissue sections could be viewed simultaneously and
a change of the view position (location or magnification)
in one “virtual” section automatically caused an iden-
tical movement in the view of the second section]. All
glomeruli were numerically labeled in the image overlay,
so that a single glomerulus could be followed in each sec-
tion in which it was present. Each glomerular profile was
examined. For the scoring of FSGS lesions each glomeru-
lar cross-section was subdivided into four quadrants. The
position of the vascular pole was defined in this way; data
were obtained with respect to the location and extent
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Fig. 8. Transmission electron microscopy. (A to C) Glomerular segments with an increase of epithelial cells in Bowman’s capsule without prominent
sclerosis (early lesions). Podocytes appear activated with extensive foot process effacement, microvillous transformation, and enlarged nuclei (A).
Locally, the parietal epithelium appeared damaged and denuded segments Bowman’s capsule were present (A, arrow). Segmentally, there appeared
to be an increased number of nuclei along Bowman’s capsule (B). We sometimes observed bridging epithelial cells between activated podocytes
and Bowman’s capsule (C). The insert shows the cell contact between the podocyte and the bridging cell with apparent fusion of cell membranes.
Amorphous extracellular matrix (ECM) was sometimes present surrounding the epithelial cells in Bowman’s space (B, ∗). In lesions with more
advanced sclerosis (D) we did see denuded glomerular basement membrane (GBM) segments and sometimes remnants of podocytes (arrowhead)
appeared to be present. Amorphous ECM was sometimes deposited on top of the naked GBM (∗) [(A and B) ×7000; (C and D) ×5000].
of lesions in each of 137 whole glomeruli contained in
the kidney segment. For each glomerulus three to five
PAS-stained sections could be studied. Lesions were cat-
egorized in four different groups. The first group con-
tained only normal or ischemic quadrants sometimes as-
sociated with wrinkling or even collapse of the capillaries
of the glomerular tuft, without cellular hypertrophy or hy-
perplasia. Second group showed early lesions defined by
collapse of the capillaries, accompanied by hypertrophy
and epithelial proliferation (hyperplasia) of glomerular
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epithelial cells and early adhesions between the glomeru-
lar tuft and Bowman’s capsule. The third contained
more advanced lesions, characterized by collapse of the
capillaries of the glomerular tuft, with foam cells, ECM
accumulation, sclerotic segments, and various degrees of
hypercellularity. The last group consisted of quadrants of
glomeruli with advanced sclerosis.
To analyze the distribution of the various marker pro-
teins and to determine the cellular origin, consecutive
sections were used for incubations with the various anti-
bodies as described in Table 1. Using our system, two
consecutive profiles of the same glomerulus could be
viewed simultaneously. In addition, we have performed
double staining using different sets of marker proteins to
strengthen our findings.
RESULTS
Histopathology
We have evaluated 137 whole glomeruli. Of each
glomerulus, three to five PAS-stained cross-sections were
scored. A total of 2232 glomerular quadrants were each
assigned to one of the four categories: normal, collaps-
ing lesion, “typical” FSGS, and advanced sclerosis (Fig.
1). In 1541 quadrants, we saw a normal glomerular tuft
(69%), 30 quadrants showed pure collapse with epithe-
lial cell proliferation (hyperplasia) (1.5%), 588 quadrants
showed “typical” FSGS lesions with segmental collapse,
adhesions, foam cells, ECM accumulation, and variable
epithelial cell swelling and hyperplasia (26%), and 73
quadrants were affected by advanced sclerosis (3.5%).
Lesions of all categories could be located anywhere in the
glomerulus (perihilar, at the tubular pole, or elsewhere).
Within a single glomerulus, affected quadrants were
sometimes assigned to different categories. In these cases,
it often turned out that in such a glomerulus there was one
confluent lesion with different morphology depending on
the plane of sectioning. Glomeruli in the juxtamedullary
half of the cortex were more frequently affected (38.4%
of quadrants demonstrating FSGS lesions) than the more
peripherally located glomerli (23.9% involved). Over-
all, lesions showed a wide morphologic spectrum with
at the one end collapse and prominent epithelial cell pro-
liferation and at the other end sclerosis without promi-
nent hypercelularity. Morphologic appearance of lesions
was presumibly related to the age/developmental stage
of the lesions. We focused on the lesions with prominent
epithelial cell proliferation to study the relative role of
podocytes and PECs.
We studied the phenotype of epithelial cells in Bow-
man’s space using consecutive sections and double
stainings. We investigated the expression of markers
specific for podocytes (synaptopodin, CD10, vimentin,
and VEGF), PECs (CK8, Pan-cadherin, and PAX-2),
macrophages (CD68), and myofibroblasts [a-smooth
muscle actin (a-SMA)]. In both normal and affected
glomeruli, we observed a uniform staining of the PECs
lining Bowman’s capsule for PAX-2 and Pan-cadherin.
In glomeruli of normal control kidney tissue and in
nonaffected glomeruli of our patient, CK8 staining
was generally faint or absent (not shown). In our pa-
tient, in all glomeruli with FSGS lesions, cells lining
Bowman’s capsule were segmentlly CK8-positive. No-
tably, in our patient also in some glomeruli without
FSGS lesions (serial sections were examined) we ob-
served strong CK8 positivity of PECs with a segmen-
tal and pachy distribution. Thus, CK8 staining appears
to be a marker of early PEC activation. In collapsing
lesions, synaptopodin-expressing podocytes were seen
covering the collapsed tuft (Fig. 2A, synaptopodin).
These synaptopodin-expressing podocytes were covered
by synaptopodin-negative but CK8- and PAX-2–positive
epithelial cells (Fig. 2A, CK8). This finding was con-
firmed via double staining for synaptopodin and PAX-2
(Fig. 2B and C). We did an additional double staining
for VEGF mRNA and CK8. VEGF mRNA is specifi-
cally expressed by podocytes [19]. Again, we observed
VGEF-positive cells and CK8-positive cells but never
double positive cells (Fig. 2D and E) (VEGF/CK8). In
FSGS lesions with significant ECM accumulation (the
“typical” FSGS category), we observed a decreased ex-
pression or even a total loss of expression of podocyte
markers, while the nonaffected-segments still did express
podocyte markers (Fig. 3, synaptopodin). Epithelial cells
in Bowman’s space were negative for synaptopodin (Fig.
3, synaptopodin) and all other tested podocyte markers
(not shown) but stained positive for PAN-cadherin, CK8
(Fig. 3, CK8) and PAX-2 (Fig. 3, PAX-2). We also ob-
served PAN-cadherin, CK8- and PAX-2–positive cells in
the central areas of the glomerular tuft (Figs. 3 and 4). The
three-dimensional images demonstrated that these CK8-
positive cells were always in continuity with the CK8-
positive layer of PECs lining Bowman’s capsule (Fig. 4).
MIB-1 staining showed positive cells along Bowman’s
capsule near affected segments of the glomerulus (Fig. 5),
whereas MIB-1 staining was only sporadically observed
in normal kidney tissue. Notably, we did not observe
cells that stained positive for either vimentin or CD68 in
Bowman’s space or the lumens of the proximal or distal
tubules.
We analyzed the composition of the ECM deposited
in lesions by staining serial sections with antibodies di-
rected against the a1 (Fig. 6A), and a3 (Fig. 6B) chains of
collagen IV. In addition, we have used an anti-HS single-
chain antibody (HS4E4) that in normal kidney tissue pre-
dominantly stains Bowman’s capsule and not the GBM,
and HS4C3, which stains the GBM and mesangial ma-
trix. The ECM in adhesions stained for collagen a1(IV)
(Fig. 6C) and HS4E4 (Fig. 6D), and was negative for col-
lagen a3(IV) and HS4C3. Thus, the staining properties of
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the newly formed ECM were identical to those of Bow-
man’s capsule, indicating that the deposited matrix was
produced by PECs rather than podocytes.
This conclusion was strengthened by double immunos-
taining of kidney sections using antisynaptopodin anti-
bodies and the single-chain antibody HS4E4 (Fig. 7A,
control). In glomeruli with collapsing lesions we observed
expression of synaptopodin underneath a layer of newly
formed, HS4E4-positive ECM (Fig. 7B, arrow white). In
lesions with more sclerosis there was loss of the synap-
topodin expression (Fig. 7C, white asterisks).
Ultrastructural analysis by transmission electron mi-
croscopy showed that in hypercellular lesions without
prominent ECM deposition podocytes appeared acti-
vated with foot process effacement and microvillous
transformation. In these nonsclerotic lesions we never ob-
served podocyte detachment or areas of denuded GBM.
In contrast, denuded segments of Bowman’s capsule were
frequently observed and podocytes were sometimes po-
sitioned against these naked segments of Bowman’s cap-
sule (Fig. 8A) or against activated-appearing cells lining
Bowman’s capsule, presumably PECs (Fig. 8C). These
latter cells resembled parietal epithelial cells as defined
by Gaffney [20] (i.e., enlarged cells with a somewhat cubi-
cal appearance with round and enlarged nuclei). In most
cells the cytoplasm was vacuolated and more appreciable
than in normal PECs. Some of these cells had swollen mi-
tochondria en disrupted cell membranes consistent with
injury. Sometimes the number of nuclei along Bowman’s
capsule was increased and occasionally mitotic figures
were observed, indicating proliferative activity. Deposi-
tion of ECM-like material between the tuft and epithelial
cells in Bowman’s space was sometimes observed (Fig.
8B, asterisk). In lesions with more advanced sclerosis
we did see areas of denuded GBM, indicating loss of
podocytes at this stage. In such denuded areas we some-
times saw deposition of newly formed ECM directly on
top of the GBM (Fig. 7D and E, black asterisks). We have
looked for evidence of podocyte apoptosis. However, we
did not see apoptotic bodies in affected glomerular seg-
ments (there was also no caspase-3 positivity) (data not
shown).
DISCUSSION
Our patient suffered from recurrent FSGS after trans-
plantation, and the etiology of the glomerular lesion in
this condition is considered identical with that of pri-
mary FSGS. The FSGS lesions in our patient were mor-
phologically diverse, ranging from recent collapse with
prominent epithelial hyperplasia to advanced sclerosis.
Based on the classification of FSGS variants proposed
by D’Agati et al [4], FSGS in our patient would have
to be classified as collapsing-type FSGS, although only
a small proportion of glomerular segments showed pure
collapse. Within a single glomerulus, we often observed
large confluent lesions which in one plane of sectioning
could appear hypercellular and in another plane of sec-
tioning could appear mostly sclerotic. We therefore pos-
tulate that the different morphology of the lesions reflects
differences in the developmental stage of the FSGS le-
sions. In the present manuscript we focused on the origin
of the proliferating epithelial cells in early hypercellular
lesions.
Our study indicates that parietal epithelial cells are crit-
ically involved in the development of FSGS lesions in hu-
mans. We have demonstrated that the epithelial cells that
for a large part constitute the early hypercellular lesions
stained positively for PAX-2, CK8, and PAN-cadherin
were connected to cells lining Bowman’s capsule and did
not express podocyte markers synaptopodin or VEGF.
Obviously, the validity of markers to determine a cell type
can be questioned in view of the prospect of (de-) differ-
entiation. For instance, it has been shown that in devel-
oping kidney immature podocytes are PAX-2–positive,
making it hardly possible to differentiate between mature
PECs and dedifferentiated podocytes. Therefore, we have
used many other markers (CK8, PAN-cadherin, synap-
topodin, and VEGF) and performed double staining ex-
periments (PAX-2/synaptopodin and VGEF/CK8) and
results were always in perfect agreement. Proliferating
cells were positive for all PEC markers and negative for
the podocyte markers. It is worth mentioning that a recent
study showed that PAN-cadherin is not expressed on acti-
vated podocytes after injection of puromycin [21]. In our
study CK8 proved a marker of activated PECs. In normal
kidney PECs are negative or stained only faintly positive
for CK8. In some of the normal-appearing glomeruli in
our patient there was strong CK8 staining of cells lining
Bowman’s capsule in a segmental distribution. By serial
sectioning we could show that in these glomeruli adhe-
sions between the glomerular tuft and Bowman’s capsule
were absent, thus providing a strong argument that PECs
acquire the CK8-positive phenotype upon activation. Ad-
ditional evidence supporting the PEC origin of the pro-
liferating epithelial cells comes from the finding that the
staining characteristics of the ECM that is produced by
these cells are identical to those of Bowman’s capsule. Fi-
nally, three-dimensional analysis confirmed that all CK8-
positive cells within a glomerulus are in continuity with
cells lining Bowman’s capsule. Taken together, these data
argue that proliferating epithelial cells in early FSGS le-
sions are PECs and question the contribution of the so-
called “dedifferentiated” podocyte.
The findings in our patient are very similar to our
previous observations in the Thy-1.1 transgenic mouse.
In this mouse model of collapsing FSGS we observed
that the proliferating epithelial cells strongly expressed
CD10 (a specific PEC marker in mouse). In addition, we
noted that the composition of the newly formed ECM
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resembled Bowman’s capsule and thus was produced by
PECs [13]. Double staining for the podocytic transgene
Thy-1.1 and the proliferation marker Ki-67 proved that
there was no proliferation of the podocytes during the
development of early FSGS lesions.
How do our findings relate to those of other authors?
The early hypercellular lesions we studied are classified
by many authors as collapsing FSGS lesions, although
in the earliest description by Valeri et al [22], it was sug-
gested that the term collapsing FSGS should be restricted
to biopsies in which any glomerulus contained global col-
lapse or at least 20% of the glomeruli showed segmen-
tal collapse. Nonetheless, the histology observed in our
patient is very similar to the glomerular profiles shown
in papers by Schwartz and Lewis [23], Bariety et al [9],
and Othaka et al [11, 12], and were defined as cellular
or collapsing lesions. The latter authors have used im-
munostaining to identify the cell types and concluded
that the proliferating epithelial cells were dedifferenti-
ated podocytes, since these cells showed no expression of
mature podocyte markers. In contrast, these cells stained
for PEC markers such as PAX-2, hence, the idea of de-
differentiation. It is evident that immunostaining of un-
known cells has limitations in judging their cellular ori-
gin, since in fact during nephrogenesis in the S-shaped
body stage, podocytes have features comparable to ma-
ture PECs [24]. Therefore, the authors have used the lo-
calization of the cells to define their origin and since the
hyperplastic epithelial cells covered the glomerular tuft
and often lacked an apparent connection to Bowman’s
capsule, these cells were identified as podocytes. How-
ever, in a recent review it was clearly pointed out that the
absence of a connection between the epithelial cells and
Bowman’s capsule is not a very good criterion without
proper three dimensional analysis [25].
In seminal studies of Nagata et al [26, 27] and Kihara
et al [28] it has already been suggested that PECs do
contribute to the cellular lesions. These authors how-
ever proposed that PECs proliferate and cover the capil-
lary tuft as a consequence of denudation of the GBM
due to detachment and loss of podocytes. In our pa-
tient we never observed podocyte detachment in early
lesions, nor did we note podocytes in the urinary space.
Rather, we observed proliferating PECs directly on top
of podocytes. We can only speculate about the stimulus
for PEC proliferation. Possibly, the interaction between
activated/injured podocytes and activated/injured PECs
or between activated/injured podocytes and denuded ar-
eas of Bowman’s capsule plays a role.
It is important to emphasize that our data do not dis-
pute the fact that in the chain of events that leads to full-
blown FSGS lesions it is the podocyte that is initially in-
jured, causing proteinuria. However, we do challenge the
concept that ensuing epithelial cell proliferation, which is
important for progression of the FSGS lesions, is due to
proliferation of dedifferentiated podocytes. An exception
may be human immunodeficiency virus (HIV)–induced
collapsing FSGS which is characterized by global collapse
in many glomeruli and by the absence of adhesions. It is
therefore likely that podocyte proliferation does occur in
this condition, probably related to incorporation of vi-
ral genome in podocytic DNA [29, 30]. In some forms of
FSGS there is little or no proliferation of epithelial cells
and the mechanism of FSGS development may be differ-
ent in these conditions. For example studies by Kriz et al
have pointed to the role of podocyte loss in the develop-
ment of FSGS in various rat models. These models are
all characterized by glomerular hypertension and capil-
lary ballooning and may therefore be more relevant for
secondary FSGS than for idiopathic FSGS. Most patients
with secondary FSGS have rather inactive, hypocellular
lesions, with lesions predominantly involving the perihi-
lar region of the glomerulus.
CONCLUSION
Parietal epithelial cells are crucially involved in the
pathogenesis of idiopathic FSGS.
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Video Clip. Three-dimensional reconstruction of pari-
etal epithelial cells “invading” the glomerular tuft.
